Despite globalization and the scale of international food trade, access to sufficient food remains a major challenge in Africa. The most effective way to mitigate food insecurity is to increase crop production. To answer the question that whether African countries have the capacity to mitigate food shortages by best cultivating practices observed on current cropland, in this study, we use the local net primary productivity scaling (LNS) method to evaluate the currently attainable potential yield-gap (CAYgap). The CAYgap is initially used to suggest steps towards best regional agricultural practices and provide an indicator of regional divergence of cropland productivity in each homogeneous agroclimatic zone. Results indicate that under current climatic conditions, improving each countries' productivity to the zonal optimal level, around~90% of all African countries have the capacity to mitigate their current energy shortages independently. Thus, to achieve ending hunger, possible efforts are needed which include (1) clarifying what and how socio-economic and institutional factors cause yield divergence across agroclimatic zones and establishing relevant practical policies; (2) strengthening the resilience of food access to make national food availability favors households and individuals; and (3) establishing systematically monitoring platforms on dynamics of crop yields from pixel to regional and from growth phrase to decadal scales. Furthermore, our study demonstrates the feasibility of applying satellite-derived indicators for the maximum yield achieved method to quantify and map the current cropland yield divergence by LNS method, and this method could be applied on different spatial level from regional to global scale with reasonable homogeneous zone scheme.
Introduction
Despite globalization and the scale of international food trade, access to sufficient food remains a major challenge in Africa, particularly in Sub-Saharan Africa, which accounts for 19% of the world's undernourishment in (FAO, IFAD, WFP 2017 and even higher than [2014] [2015] [2016] . Food security and nutrition in Africa is still at the heart of Africa's development agenda. Currently, many countries and subregions in Sub-Saharan Africa depend on imports to fill up to a third of their cereal needs, suggesting that substantial demand for food exists for these countries, and calling a need to increase agricultural productivity and food production (FAO 2017; van Ittersum et al. 2016) . Meanwhile, population growth, dietary preference towards resource-intensive foods, and achieving a world without hunger and malnutrition-an aim set by the second Sustainable Development Goal (SDG2) (FAO 2017) , companioning with challenges from climate change on land resources and crop yield (Dawson et al. 2016 )-put significant pressure on Africa's food security situation (Godfray et al. 2010) .
Stagnant agonomic crop production is one of the major contributors to food insecurity in Africa, but it is not because of lacking cropland. Africa land availability per capita (0.25 ha) is higher than the world average (0.22 ha) (FAOSTAT 2017) . Additionally, the fraction of fallow cropland to total cropland is very high (Monfreda et al. 2008; Lobell 2013) . Cropland systems in Africa are characterized as low-external-input, rain-fed, and low-yield (Luan et al. 2013) . Though growth in total factor productivity is the most important source of growth in global agricultural production in the past two decades, in Sub-Saharan Africa, the productivity grew by less than 1% per year over that period and far lower than world average level (FAOSTAT 2017) .
Narrowing gaps between actual farm yields and yield potential is widely regarded as an important strategy to meet current and future food demand . Theoretically, the yield-gap is the difference between yield potential that could be achieved in situations with no water and fertilizer restrictions and the average farmer's actual yield over a specified spatial and temporal scale of interest (Lobell et al. 2009 ). According to this definition, broadly, there are three methods of assessing yield-gaps: (i) field-scale studies including field experiments and yield contests, (ii) crop model simulations, and (iii) studies using maximum yield achieve, providing three kinds of yield-gaps applicable at different scales (van Ittersum et al. 2013 ). Many studies have done works on assessing regional or global crop yield potential and related yield-gaps, and some studies argue that it is possible to meet projected future regional or global food demand on existing agricultural land by filling up the yield-gaps (Duku et al. 2018; Erb et al. 2016; Mauser et al. 2015; Mueller et al. 2012; Pradhan et al. 2015; Tilman et al. 2011) . Most of these studies focus on meeting projected scenarios and using calculated yield-gaps mainly by crop model simulations or yield experiments which could provide agronomic potential yield and water-limited potential yield (van Ittersum et al., 2013) . Although meeting the future demand may be possible, and indeed it is important to answer questions about whether and how to guarantee our future, whether different African countries would meet their basic food demands by adoptable best cultivating practices observed on current cropland is also need to be concerned.
In reality, reaching a potential level of yield is prevented by a number of biotic and abiotic stresses, including soil fertility or lack of fertilization, water availability, cultivar features (van Ittersum et al. 2013) , and market access. Given a specific biophysical and socio-economic environment, farmers try to maximize production or income after a consideration of all farming constraints. In any case, their efforts produce widely different results representing as yield divergence. Therefore, identifying and quantifying hotspot of yield divergence is an initial but essential step towards mitigating food insecurity by observing and adopting best regional agricultural practices.
Spatial cropland yield divergences in agro-climatic homogeneous zones usually imply gaps which have potential to be closed up and then improve the local productivity by adopting currently observed best cultivating practices in the same zone. Such gaps could be observed and measured by maximum yield achieved method (van Ittersum et al. 2013; van Wart et al. 2013a) . Different from field-scale studies and model simulations, the maximum yield achieved method compares yield to the observed maximum value achieved inside a region varying in size from landscape to agro-ecosystems. Currently, spatial yield data used to derive yield-gaps are often based on country-level data (e.g., Licker et al. 2010; Johnston et al. 2011; FAOSTAT 2017) or data from a particular year (e.g., SAGE datasets) of spatial yield values in coarse resolution. Such cases largely depend on external sources (e.g., Monfreda et al. 2008) and are characterized by absence of real-time monitoring and multi-year values.
Satellite data provide a unique opportunity to overcome both spatial and temporal scaling challenges (Atzberger 2013; Lobell 2013) . Multiple sensors, especially the Moderate Resolution Imaging Spectroradiometer (MODIS), have generated time-series of remote sensing imagery that enable monitoring of the intra-annual, and inter-annual, dynamics of vegetation growth. The repeat coverage of remote sensing enables extracting the key points of crop growth period at pixel level to increase the accuracy of simulating crop yields (Duncan et al. 2015b) . Satellite data also enable appropriate representation of spatially heterogeneous agricultural systems. Because of these characteristics, in the past decades, many studies have used established relationships between vegetation indices and crop yields to map and monitor crop yield distribution (Bolton and Friedl 2013; Huang et al. 2013; Duncan et al. 2015a; Burke and Lobell 2017) .
This study aims to assess currently whether African countries have the capacity to mitigate their food shortages (on energy unit) by yield gaps between preferable attainable yield from currently observed best cultivating practices and actual yield. This is achieved by using the modified Local NPP Scaling (LNS) method proposed by Prince (Prince et al. 2009 ) on the growing season NDVI integral (GSI) (Funk and Budde 2009; Mkhabela et al. 2011) . The LNS method is applied on cropland of African continent, and the GSI is chosen to represent cropland productivity derived from the MODIS datasets. Firstly, the difference between the observed preferable attainable yield and the actual yield in one same homogeneous agro-climatic zone is calculated and termed as currently attainable potential yield gap (CAYgap) of this zone. The CAYgap could be denoted as yield-gaps measured by maximum yield achieved method. Then, the CAYgap is converted to cereal equivalent (CE) measured unit and, furthermore, is used to estimate the relevant potential production gap of each country. Finally, we use these production gaps to assess the capacity of each country to mitigate its energy shortages.
Materials and methods
In this study, all herbaceous crops were aggregated and converted into cereal equivalent (CE). Here, the maximum yield in a target region was denoted as the currently attainable potential yield (CAYpotential) for the rest of the region; this was different from the agronomical potential yield. The gap between actual achieved yields and CAYpotential (denoted as CAYgap) was used to map the extent of regional yield divergence in respective agro-climatic zones and estimate the regional currently attainable potential production (CAPpotential). Materials used in this study and calculating flows are presented in Fig. 1 ; detailed descriptions of each step are described in following sections.
2.1 Data sources and data pre-processing
Datasets of cropland and agro-climatic zones
To constrain the homogenous zones for upscaling potential yields, Global Environmental Stratification (GEnS) was used to characterize agro-climatic zones (Metzger et al. 2013 ). GEnS achieves a suitable balance between the number of zones needed for coverage of harvested areas and the homogeneity of agro-climatic variables within zones (van Wart et al. 2013b ). The cropland distribution layer, at a resolution of 1 km, was obtained and upscaled from the GlobCover 2009 database (Global Land Cover Map) with resolution of 300 m (Bontemps et al. 2011) . Four classes were considered: (1) post-flooding or irrigated croplands, (2) rain-fed croplands, (3) mosaic cropland (50-70%)/vegetation (20-50%), and (4) mosaic vegetation (50-70%)/cropland (20-50%). The weighting of the cropland ratio of each pixel was set as 1.0 for classes (1) and (2), and a mean weight of 0.65 and 0.35 was assumed for classes (3) and (4), respectively. Irrigated cropland was included because its proportion of the complete study region was small (~5% from GlobCover 2009). 
NDVI data
Satellite data used in this study came from the Terra MODIS Normalized Difference Vegetation Index (NDVI) 1-km product (MOD13A2, collection 5). The studying period was 2001-2010 in order to preferably match the time of other data. The iterative Savitzky-Golay filtered algorithm (Chen et al. 2004 ) was then applied to eliminate the noise caused by persistent cloud contamination, atmospheric variability, and bi-directional effects before extracting the phenological metrics. To eliminate the interference of soil background and cloud effects, and to exclude contaminated pixels, masking was performed on those pixels that had a 10-year average NDVI outside of the 0.1-0.8 range or those with a coefficient of variation of less than 0.1 ).
Agricultural statistics
Three sources of agricultural statistics were used to train the relationship of cereal equivalent and growing season NDVI integral (GSI): the country-level data from FAOSTAT (2017), the provincial-level data from CountrySTAT (Kasnakoglu n.d.), and Agro-Maps (FAO 2006) . Statistics at the second administrative level were not included.
Seven crop categories were grouped into one index, the cereal equivalent (CE), using cereal equivalent conversion coefficients (Rask and Rask 2014) as cereals (1.0); starchy roots (0.25); sugar, sweeteners (1.08); pulses (Fabaceae) (1.06); vegetable oils primary (2.72); vegetables primary (0.08); and fruit (0.14). All crops in each category were on a primary level. Sugarcane (Saccharum) and sugar beet (Beta vulgaris) were converted into sugar primary by using a unified extraction ratio of 12% (crop production weighted world average). Cottonseed (Gossypium) was allocated into the vegetable oil category by using a world average extraction ratio of 0.63 (FAO 2000) . Tree nuts and vegetable oil were excluded because they were sourced primarily from evergreen trees.
FAOSTAT was set as the priority data due to its spatial and temporal availability. The principle of selecting provincial-level data from CountrySTAT was based upon the following assumption: (i) aggregated CE production of cereals and starchy roots and (ii) aggregated CE production of all crops from provincial-level data should be similar to the amount calculated from FAOSTAT (ratio of CountrySTAT's CE to FAOSTAT's CE ranged from 0.8 to 1.2). On this basis, a total of 10 countries were selected (accumulated 70 years' data).
Several countries were excluded from this study due to insufficient data: Comoros, Sao Tome and Principe, Cape Verde, and Western Sahara were missing GSI or statistical data. Four countries were also excluded during training the CE models of GSI: (i) DR Congo, CongoBrazzaville, and Madagascar were missing most cropland GSI data due to adjacency contamination from forests and woods on NDVI profiles of cropland; (ii) Egypt, where almost all cropland was irrigated. Sudan and South Sudan were combined as Sudan (former) because they were politically delineated in 2011, after the study period took place.
Methodology

Extraction of vegetation phenological metrics
In the current study, the threshold method proposed by White (White et al. 1997 ) was used to extract the phenological metrics from NDVI profiles: start of season data (SOS), end of season (EOS), and length of season between SOS and EOS (LOS; Fig. 2 ). This method was considered to be the simplest and moderately effective for phenological study (White et al. 2009; de Beurs and Henebry 2010) .
Phenological extraction for continental Africa is complex because growing seasons span different calendar years and double growing seasons over 1 calendar year occur only in some regions. A method that was developed by Vrieling et al. (2011) was adopted with several refinements. First, the growth cycle intensity was calculated and each growth cycle was identified based on studies of Biradar and Xiao (2011), and Liu et al. (2012) . Each growth cycle was determined as the period between two minima NDVI, which were the lowest values in a window of 112 days (7 images of 16-day resolution). Because the study-targeted herbaceous crop, growth cycle would be excluded if it had a growth amplitude (the gap between the maximum and minimum values in one growth cycle) less than 0.1 (Heumann et al. 2007 ) and/or with a time span shorter than 2 months (Liu et al. 2012) , in order to weaken the impact of natural vegetation growth on crop growth. The maximum and minimum growth amplitudes of each pixel's NDVI time-series profile were also excluded to remove outliers in the calculation of 10-year average intensity.
Second, phenological metrics of each growth cycle were extracted and recorded. A yearly average NDVI profile for 2001-2010 was constructed and the minimum NDVI value of this profile was determined for each pixel. Then, for each pixel and for each year, the following steps were executed: (1) if only one SOS was documented, the SOS was referred to its corresponding growing season; (2) if there was more than one SOS and the growth cycle intensity was also greater than 1.0, 1 the SOS nearest to the occurrence of the minimum NDVI was assigned as the beginning of the first growing cycle and the other SOS was identified as the second cycle (Fig. 2) . There was no major instance of three or more growing cycles in Africa. Fig. 2 Illustration of the method used to extract phenological metrics. The presented two time-series NDVI profile a two-growth cycle pixel for 1 year and its 10-year average respectively. There are two minima in the 1-year profile. Two SOS values in this year are counted, and the one nearer to the advent of the minimum of 10-year average profile is the SOS for growth cycle 1, the other is for cycle 2. The dashed area is the GSI for each pair of SOS and EOS The GSI was then derived by integrating the NDVI profile curve over the LOS. For those pixels with one more growth cycles per year, each cycle's GSI was weighted by growth cycle intensity and then were summed (if there was no specific state, the GSI here referred to the sum value for all cycles). To eliminate the effects of climate variation, for example extreme events (Lobell 2013 ), we applied the LNS method on the 2001-2010 average GSI map. The temporal and spatial coefficients of variation (CVt and CVs, respectively) were produced respectively. The CVs were derived from the 10-year average GSI map.
Relationship of cereal equivalent production and growing season NDVI integral
The GSI was regarded as a proxy for productivity in terms of NPP (Mkhabela and Mashinini 2005) , from which the main sources of food were derived. All the pixels' GSI values were weighted by the appropriate cropland ratio and summed per country/ province per year. Subsequently, the relationship between CE and GSI was estimated using observations from the country-level or provincial level in three ways:
where a, b, and c were coefficients; CE was aggregated cereal equivalent; GSI was growing season NDVI integral; ε was an error term. The relationships in Eqs. 1 and 3 were estimated with (c ≠ 0) and without (c = 0) an intercept. Training relationship of GSI and CE production was executed in two steps. First, statistical analysis was performed on the three forms of CE production models of GSI. All models were trained by four observation data pools: (i) each country's provincial data; (ii) all country's provincial data; (iii) all country's national data; and (iv) all provincial and national data. In this procedure, the performances of each of three models were tested along with the reliability of the relationship between CE production and GSI on different spatial scales. Subsequently, to test the robustness of these models, we used leave-1-year-out and tenfold cross-validation.
Estimation of currently attainable potential yield gap
Firstly, we map the CAYgap by LNS method (Prince et al. 2009 ). Then, the CAYgap was converted to CE-measured CAYgap (unit is tonnes/100 ha) by best performed CE-GSI model. The CAYpotential was value at the 50th, 75th, and 90th percentiles of the frequency distribution of the 10-year average GSI map for each agro-climatic zone (descripted as 50th, 75th, and 90th percentile scenarios). The 90th percentile was an arbitrary cutoff as the upper boundary to exclude outlier values. The difference between the 10-year average GSI and the CAYpotential was the CAYgap. This procedure assumed that cropland having a CAYgap value could improve its productivity to the optimized level by adopting corresponding agricultural management that was undertaken in the same zone.
To validate the rationality of the results, two other independent sources of crop model estimated potential yield were chosen: (i) the GAEZ v4.0 model outputs of high-input level potential yield at year 2010 (Fischer et al. 2012) ; and (ii) the maize potential yield modeled by Folberth et al. (2013) . These two sources were used to evaluate the CAPpotential. It is important to mention that these sources were not used to validate the quantitative precision of results but only their quality. Since the potential yield estimated by crop models could be regarded as agronomical potential yield and as maximum yield ceilings for other studies (van Wart et al. 2013a) , the assumption of this validation was that our potential production gaps should lower than those from crop models. In comparison, the potential yields of 18 major crops from the GAEZ v4.0 model were weighted by 2010 crop harvested areas and aggregated into cereal equivalent potential production. A comparison was performed between the ratio of actual CE production to CAPpotential (actual achievement ratio) at the 90th percentile scenario in this study (CAP_LNS) and the corresponding actual achievement ratios under 90%, 70%, and 50% of GAEZ high input potential production scenarios (denoted as GAEZ_HIPP50, GAEZ_HIPP70, and GAEZ_HIPP90). Only 43 countries in sub-Saharan Africa were considered. As maize was one of the most important and most widely cultivated cereal crops in Africa, we also calculated the ratio of actual maize production to modeled maize potential production of Folberth in 2000 (base year 1997-2003) (denoted as Folberth_maize) and the ratio of actual maize production to 90% of GAEZ high input maize potential production in 2010 (denoted as GAEZ_maize). Using actual achievement ratio makes crop model estimated potential productions and CAPpotential comparable.
Assessment of capacity of mitigating energy shortages
To assess each countries' capacity of mitigating its energy shortages, we calculated additional population whose energy requirement could be met by the currently attainable production gap. We used the average dietary energy requirement (ADER) as a reference standard of a person's daily energy requirement. The depth of the food deficit of each country was used to adjust the amount of currently attainable potential production before calculating the number of additional populations. The depth of the food deficit indicated how many calories would be needed to eliminate the undernourishment from their status. The calculation steps were as follows. Firstly, all the CE-measured CAYgap were upscaled to the national scale. Secondly, the CE production gaps in weight units were converted to values in energy units by conversion factors. Thirdly, the energy required to cover up the depth of food deficit for each country was subtracted from CE production gaps. And finally, by dividing the remaining production gaps by each countries' ADER and the days in a year, the number of additional population for each country under different percentile scenarios could be obtained:
POP mitigate was the additional population; f CE − NDVI was the CE-GSI model (weight unit), ∑f CE − NDVI (CAYgap) was upscaling pixel-level CE-measured CAYgap to production gap on country-level (weight unit); ConversionFactor was converted production gap in weight units to energy units (kcal/100 g), depthDeficit was the depth of food deficit, and POP was each countries' population. The weight-energy conversion factor considered all kinds of cereal products. Five-year average (2005) (2006) (2007) (2008) (2009) (2010) of nine cereal crop production ratios to total cereal production in Africa (wheat, rice, barley, maize, rye, oats, millet, sorghum, and other cereal crops) was used to weight each crop type's weight-energy conversion factor. The conversion factors for each cereal crop product were from Kastner et al. work (2012) . Population data was for 2010. There were five countries having no ADER data: Burundi, Democratic Republic of Congo, Equatorial Guinea, Eritrea, and Libya. Therefore, results only covered 43 countries. The 2009-2011 FAO undernourishment ratio was chosen as the reference for measuring each countries' energy demand-supply imbalance. It focused on food energy supply aspect (Cafiero and Gennari 2011) and could be regarded as a synonym for hunger, measuring the shortage of energy (FAO, IFAD, WFP 2016).
Results
Performance of growing season NDVI integral
The mean and trend of GSI are presented in Fig. 3 . In general, GSI displays a strong spatial variation range, corresponding to the distribution of annual total precipitation (Fig. 3a) . Nonetheless, the CVs of GSI vary with zones, and zones which are Fextremely hot and arid_, Fextremely hot and xeric_, and Fextremely hot and moist_ show relatively higher heterogeneity (> 0.3) ( Table 3 in Appendix 1).
There is a clear distribution of significant positive and negative trends. Between Senegal and Benin, a large area of positive trend is observed. The area from Nigeria to Ethiopia shows mixed patterns with relatively more negative trends. Northern Africa, which mainly refers to Morocco, Algeria, and Tunisia, shows significant increasing trends. Increasing pattern is also observed in southern Africa. These trends can be interpreted as a recovery from the 2001-2002 droughts in southern Africa, Tunisia, and Algeria (Rojas et al. 2011 ). Significant negative trends occur in the areas near the Nile River, Uganda, Somalia, parts of central Africa, and the western part of Tanzania, which all have sequentially suffered different degrees of drought since 2005 (drought in Central Africa was recorded approximately at 2005, and severe drought Masih et al. 2014) . These temporal fluctuations reflected, to a certain extent, the sensitivity of African cropland to extremely events.
Modeling and validating the CE-GSI model
Trained by observation data pools, the relationship between CE production and GSI is significant on different spatial scale level and in different form. Eight out of ten countries have a significant relationship on the provincial level (sig. test, P < 0.001; Table 4 in Appendix 2). According to goodness of fit statistics, GSI could explain greater variation of CE production at the country level (adjusted R 2 and F statistic) than at the provincial level (Tables 5 and 6 in Appendix 2). Furthermore, when models are trained by all provincial and national observations, the statistical fits are slightly improved in the coefficient of determination (adjusted R 2 ), but particularly noticeable in the F statistics ( Table 1) .
The three forms of models perform somewhat differently. The results of linear and exponential forms show a better fit than the binomial form for each country (Table 4 in Appendix 2). Trained by provincial or national observations, the binomial form performs better than the other two forms (Tables 5 and 6 in Appendix 2). However, when excluding the four observations from the Oromia province of Ethiopia, or the 10 observations from Nigeria, the binomial form's goodness of fit get worse (adjusted R 2 decreased from~0.55 and~0.78 down to~0.32 and 0.51, respectively). In both cases, those observations have remarkably larger CE production and GSI values than others. Furthermore, there are no statistically significant differences in linear and binomial models with or without constant term (Table 1,  Tables 5 and 6 in Appendix 2). However, models without constant term have more properly physical significance in this study.
The results of the tenfold and leave-1-year-out cross-validations presented in Table 2 suggest that the exponential form has poor predictive ability. The binomial form performs better than the linear form in both validations, but its performance is weaker than the linear one when excluding Nigerian observations (Table 7 in Appendix 2). In summary, binomial form is more sensitive to extremely observation than linear form. Therefore, a single linear model without constant term trained by all provincial and national observations is used in this study to calculate the CAYpotential and CAPpotential (underlined model in Table 1 ; the scatter plot of all provincial and national CE production and their corresponding aggregated GSI are showed in Fig. 8 in Appendix 2). 
Currently attainable yield-gap and production
The distribution of CAYgap (Fig. 4a, b, c) is similar to the ratio of CAYgap to CAYpotential (Fig. 4d, e, f) . The CAYgap areas mainly appear at the north of a transect from Senegal to Ethiopia, followed by the cropland region around the Horn of Africa (Fig. 4) . The spatial distribution of CAYgap and the ratio of CAYgap to CAYpotential at three percentile scenarios are also similar, respectively, and present a reasonable pattern that the 90th percentile scenario has higher CAYgap value and corresponding larger yield improving space (Fig. 4c, f ). Upscaling CAYgap into country level, results are not optimistic (Fig. 5) . Only ten out of 48 countries could potentially double or further improve their CE production at the 90th scenario, while seven out of those ten countries rank in the top ten of least actual CE production (Fig. 5) . Improving the CE production of these seven countries could help mitigate their internal food insecurity, but would contribute little to the continental situation by trade. Countries on the transect also have the capacity to double (or thereabouts) their CE production at the 90th scenario, and most of them already have high actual CE production (except Somalia), especially Sudan (former) and Ethiopia. For the rest countries, 23 countries could only add less than a quarter of their actual CE production even under the 90th percentile scenario. Due to lacking valid NDVI values, the currently attainable CE production of Madagascar and DR. Congo is very low. Similarly, Egypt also has low currently attainable CE production because of lacking comparatively data on irrigated cropland.
Comparing the pixel-level result (Fig. 4) to the upscaled aggregated country-level result (Fig. 5) , many countries have a large area of high CAYgap hotspots but have low country-level potential production gaps. This is because places with high CAYgap may have very low actual yields and low CAYpotential. For example, in Nigeria, almost all places in Katsina and Yobe provinces have ratio of CAYgap to CAYpotential larger than 0.5, while places in Niger and Taraba provinces have ratio under 0.3 (Fig. 3f ). Yet in 2010, the actual CE production of the latter two provinces is 2.3 times than that of the former two, as well as the actual achievement ratio of this country is more than 0.78. Correspondingly, hotspots of high CAYgap occurring at high actual yield region would result in relatively lower actual achievement ratios at countrylevel, such as Ethiopia and Senegal.
Additional population fed by currently attainable production gap
Parts of countries have negative values under some scenarios, implying that they could not make up for the current food energy deficit by their currently attainable production gaps. Results show that there are still three countries who have negative values under 90th percentile scenario, namely Rwanda, Madagascar, and Djibouti. Under the 50th percentile scenario, this number reached up to 19 (Fig. 6) . Eleven countries could additionally meet more than half of their 2010 population's energy requirement, and five countries even could feed a number more than their 2010 population under 90th percentile scenario. However, only Gabon has the capacity of meeting the energy requirement of a half more of its 2010 population under the 50th percentile scenario.
There are some very undernourished countries having high capacities to mitigate energy shortages, such as Chad, Namibia, or Liberia. However, some countries have poor capacities, Actual CE producƟon/current aƩainable CE producƟon 50th 90th Fig. 5 Ratios of actual CE production to currently attainable CE production for each country. The light blue histogram represents the ratio for the 50th percentile scenario while the red short line represents the 90th percentiles scenario. Black line represents the position where ratio equals 0.5, as a reference. All countries are sorted from left to right by their total actual CE production such as Central Africa, Rwanda, and so on. For countries such as Zambia, Benin, or Mozambique, they do not have the capacity to make up for their energy shortages under 50th percentile scenario, but do have at 75th or higher percentile scenario. Some countries, such as Mali or Gabon, not only could additionally feed more population, but their FAO undernourishment values also indicate that they do not hampered by energy shortage. It implies that these countries have strong potential for food security development in the future.
Discussion
Comparison between currently attainable potential production to crop-modeled potential production
In this case study, the CAPpotential estimated by LNS approach was much lower than that estimated by crop models (Fig. 7) . Only eight countries have lower actual achievement ratios by CAP_LNS at the 90th scenario compared to GAEZ_HIPP50. Similarly, the remaining countries' actual achievement ratios of CAP_LNS are higher than the ratios of Folberth_maize and the ratios of GAEZ_maize, respectively. The high actual achievement ratios of CAP_LNS imply that, currently, in most agro-climatic zones, the general yield (or in other words, the CE yield) of cropland in Africa is rather low. Furthermore, there are insufficient cropland pixels depicting superior performance to place the CAYpotential near to the theoretically modeled potential yield level. This emphasizes that the LNS approach is feasible for mapping divergences in regional crop yield and quantifying the yield-gaps between actual yield and observed preferable attainable yield, rather than accurately estimating the theoretically agronomic yield-gap. Ratio of additional population to 2010 population at different scenarios for each country. Dark green bars represent ratios of additional population to 2010 population when production reach to 50th percentile scenario CE production; blue-green bars represent ratios of additional population to 2010 population when production reach to 75th percentile scenario CE production; blue bars represent ratios of additional population to 2010 population when production reach to 90th percentile scenario CE production; red short lines represent the ratio of undernourished to total population at 2009-2011 (FAO undernourishment), respectively. All countries are sorted from left to right by ratios of additional population to 2010 population at 90th percentile scenario, from the largest to the smallest
Uncertainties, assumptions, and concerns
The accuracy of phenological metrics is important for the estimation of GSI. Compared to other studies (Brown et al. 2012; Vrieling et al. 2011; Vrieling et al. 2013) , the phenological metric values calculated in this study are reasonable. Considering the fact that the occurrence and duration of the rainy season directly affects the phenology of the rain-fed farming system, and the fact that germination period of many crops is very sensitive to rainfall, it is necessary to take into consideration of the precipitation phenology in future studies (Funk and Budde 2009) . It is hard to verify the reliability of agricultural statistics reported by relevant departments, especially in Africa. Comparing crops of cereal and starchy roots categories from CountrySTAT to those from FAOSTAT, many countries have different crop production values in these two data source like Nigeria and Zambia. Though there are many arguments on the poor quality of FAOSTAT (Choudhury and Headey 2017) , the characteristics of universality, comparability, long-time records, and annual update for most countries make FAOSTAT still the most widely used and available agricultural statistics, especially for Africa. Cropland data could also bring uncertainty into the result. For example, there are many disagreements between GlobCover2009 and the IIASA-IFPRI cropland ratio product . Since the quality of cropland data affects the quantity of provincial or national aggregated GSI and the goodness of model fitting, a comparison and validation of cropland data in Africa is very important Waldner et al. 2015) .
Our analysis does not account for several factors that might be important for future agricultural production. First, we assume that the ratio of harvested NPP as crop matters to the NPP of the whole crop plant is constant during the period 2001-2010 for each crop plant and that they are the same across all countries. However, the harvested ratio of each plant could improve along with the application of advanced agricultural technologies. Second, due to Fig. 7 Comparison between ratio of actual CE production to currently attainable CE production at the 90th percentile scenario in this study (CAP_LNS) and (1) the corresponding actual achievement ratios calculated using respectively 90%, 70%, and 50% of GAEZ high input potential production (denoted as GAEZ_HIPP50, GAEZ_HIPP70, and GAEZ_HIPP90), (2) ratio of actual maize production to modeled maize potential production of Folberth at 2000 (base year 1997--2003) [43] (denoted as Folberth_maize), and (3) ratio of actual maize production to 90% of GAEZ high input potential production at 2010 (denoted as GAEZ_maize). Only 43 countries in sub-Saharan Africa were considered lacking spatially temporal data of cropping intensity, we do not consider the contribution of divergence of cropping intensity to the CAYgap.
Third, we do not consider shares of different crops to GSI or CAYpotential. In many parts of rural Africa, food is predominantly derived from local NPP, due to many poor communities lacking access to markets. Some studies have used proxy of NPP, for instance the GSI, as a proxy for yield (Becker-Reshef et al. 2010; Mkhabela et al. 2011) . These studies are primarily based on fitting a regression model between NPP proxy and crop yield data for specific crops, as opposed to this application over a large range of crop categories. Therefore, the yield in the present study represents a generalized NPP yield of cropland, rather than yield of individual crops. It is suggested that the ability to cultivate crops in regions with high potential productivity is not only determined by the suitability of the agro-climate, but also by food prices and market requirements, which hamper determination of the planned crop type for each pixel.
The rationale of representativeness of maximum GSI (CAYpotential) is one of the core assumptions for this method. Several points should be addressed. In contrast to crops grown without irrigation or without fertilizer application, where productivity is often less than that of native vegetation growth (Lobell et al. 2009 ), high-input agriculture (for example, in North America and Europe) consistently displays higher annual NPP than the natural vegetation in cropland areas (DeFries et al. 1999) . The most productive agricultural areas are usually located in well-managed, fertilized, and possibly irrigated areas, and the selection of these as the estimator of potential NPP is an indicator of maximum productivity of each zone (Prince et al. 2009 ). Since the current study has zoned cropland into agro-climatic homogenous zones, the maximum NPP proxy in each zone is more likely to result from comparatively constant improved crop management, and it could be regarded as a currently attainable potential yield for each region. However, high input and output agriculture normally occurs in developed countries rather than in Africa. Since the current preliminary attempt focused only on the African continent, the yield values observed in the best performing grid-cells in each agroclimatic zone may have been lower than the global maximum yield, let alone values estimated by well-adapted crop models (Fig. 7) . In other words, there calls further global-scale studies to assess the spatial and temporal dynamics of gaps of agricultural productivity from African countries to the global best practices.
Concerns about results
Theoretically, to improve each countries' productivity to the zonal optimal level, and the additional production distribute equally to all population, 24~40 out of all countries have the capacity to mitigate their current energy shortages independently. In reality, agricultural production is not only directly used for household consumption, most of them would convert to food products by multi-level processing, or be used as seeds, industrial raw materials, or more important be used as feed grain in animal husbandry. During those processes, many energies would be lost. Taking into consideration of energies obtained from grazing, nomadic and fisheries rather than cropland, and the potential energies from the gap between zonal optimal level and theoretically modeled level (Fig. 7) , it implies that there is of great potential for African countries to solve the food security problems by their cultivated cropland.
We argue that our study addresses only adopting observed best cultivating practice opportunity to increase production. It is difficult to conclude that those countries with a higher ratio of CAYgap to CAYpotential have a higher potential to contribute to food security or to the mitigation of undernourishment. Low production is not only caused by the ecosystem but also by social and economic issues. For example, of the high yield-gap ratio countries, Liberia experiences social war and conflict during the study period (Owadi et al. 2010) , Mauritania experiences several years of drought (Daniel 2011) , and Namibia has the highest poverty levels (Frayne 2005) . Therefore, many socio-economic and institutional factors need to be attuned to allow for production increases, and it is these factors which cause the yield divergences in each homogeneous zone across the African continents.
Increasing crop productivity may cause problems for the sustainability of ecological systems, since improvement in productivity would translate into environmental challenges or even into the intensification of the current issues (Chen and Li 2010; Hiernaux et al. 2009; Zika and Erb 2009 ). However, this is a critical but at the same time necessary step to achieving food security. Given the increasing concerns associated with global food security projections, and rapid population growth seen especially in Africa, the targeting of regions with a lower than optimum crop yield is of paramount importance if a food crisis is to be avoided (Dawson et al. 2016) . A greater consideration of the trade-offs between balancing the needs of humans and the ecosystem (Zhang et al. 2015) , combined with a plan for sustainable improvement of crop productivity, is undoubtedly needed.
Global implications and strategy recommendations
Identifying and quantifying hotspot of yield divergence is an initial but essential step towards mitigating food insecurity by observing and adopting best regional agricultural practices. Our study demonstrates the feasibility of the method that applies satellite-derived indicators for the maximum yield achieved to quantify and map the current cropland yield divergence and corresponding yield-gaps by Local NPP Scaling method. Furthermore, this method could be applied on different spatial level from regional to global scale with reasonable homogeneous zone scheme. And this can help inform decision making at various levels, from micro-to macro-level policies.
Increasing yield productivity to meet food energy requirement is not only a regional problem in Africa, but also a global issue. This study leads to identify agricultural management implications and adaptation strategies for both Africa and the globe.
1. It is socio-economic and institutional factors rather than bio-geophysical factors that contributed most to hunger prevalence.
The gaps between reality of hunger and results of capacity from our study emphasize the importance to figure out what and how socio-economic and institutional factors cause yield divergence across agro-climatic zones. Clarifying this causal mechanism happened on study region help people derive and implement more practical policies on agricultural development and food security improvement.
2. Strengthening the resilience of individual/household food access is of essential importance for ensuring food security.
Large uncertainty exists between adequate supply at the national level and demand satisfaction at the household level. Currently, many studies (Burchi and De Muro 2016; Leroy et al. 2015; Campbell et al. 2016 ) point out the importance of food access in ensuring food security from household to national level. According to the definition of food security, food access is directly determined by household or individual income level, physical capacity of accessing food, and rights. And these factors interact with upper stream determinants such as national policies, trends of globalization, and changes in economic structures. For example, global food trade shocks, food price volatility, and energy policies of other countries may cause great impact on food access and food availability of low-income countries. Additionally, different studies also have shown that climate change might cause significant impact on food access (Schmidhuber and Tubiello 2007; Wheeler and von Braun 2013) . All those factors characterize the resilience and vulnerability of food access. Therefore, it is important to clarify what factors are at play and how they impact on individual/household food access and food availability in order to make effective resilience-strengthening policies. Beyond the food availability on national level, more concerns should be paid to understand how those factors of food access would impact the future food security, and how to make national food availability favors households and individuals.
3. Equipping agricultural systems with multi-spatial and temporal scale monitoring systems on dynamics of crop yields and yield divergence should be among the priority of development needs in less developed areas.
The monitoring systems not only contribute to the detection of less-improving hotspots, but also to providing early warning impacts of climate extremes, climate variation and climate change. Currently, several international agricultural monitoring or researching platforms are well established, such as International Maize and Wheat Improvement Center (https://www. cimmyt.org/) on improving maize and wheat yields by field studies, Global Yield Gap Atlas (http://www.yieldgap.org/) on estimating crop agronomical potential yield, and GEOGLAM Early Warning Crop Monitor (https://cropmonitor.org/) on monitoring the climatic impact on yield. However, there is still call for providing comprehensive platforms that systematically serve for less developed countries which plagued by food security.
Conclusion
Spatial cropland yield divergences in agro-climatic homogeneous zones usually imply gaps which have potential to be closed up and then improve the local productivity by adopting currently observed best cultivating practices. This work used satellite-derived indicator as a proxy of the cropland productivity to reveal such spatial differences in cropland, to find the hotspots of cropland where having potential of improving productivity to currently observed optimal level, and to evaluate each countries' current potential of making up the shortages of food energy. The results show that under the current agricultural climatic conditions, the hotspots of cropland in Africa are mainly at the Horn of Africa, as well as the transect from Senegal to the Ethiopia. Improving each countries' productivity to the zonal optimal level,~90% out of all countries have the capacity to mitigate their current energy shortages as measured by FAO undernourishment indicator, independently. After adjusted by the depth of the food deficit, 11 countries could feed more than half of the current population according to the average dietary energy requirement. And, for example Mali and Gabon, some countries not only have a high improving space of production, but the FAO undernourishment indicator also shows that these countries almost have no energy shortage, implying a great optimistic future.
Compared to modeled potential production, the relatively low attainable potential production from our study implies that current cropland yields in most agro-climatic zones of Africa are depressed. In the view of the large difference between potential production achieved by this study and the one by crop model, the current cropland of each African country has further potential to improve their production.
The present study demonstrates the feasibility of applying satellite-derived indicators for the maximum yield achieved method to quantify and map the current cropland yield divergence by LNS method, and this method could be applied on different spatial level from regional to global scale with reasonable homogeneous zone scheme. And based on results, three global implications and strategies are recommended: (1) It is socioeconomic and institutional factors rather than bio-geophysical factors that contributed most to hunger prevalence; (2) strengthening the resilience of individual/household food access is of essential importance for ensuring food security; and (3) equipping agricultural systems with multi-spatial and temporal-scale monitoring systems on dynamics of crop yields and yield divergence should be among the priority of development needs in less-developed areas. Fig. 8 Scatter plots between all provincially and nationally aggregated GSI and corresponding provincial and national CE production. The red line is linear model fitting, the dashed line is exponential model fitting, and the long-dashed-dotted line is binomial model fitting
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